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Fundamental understanding of the structure
and functions of a cell is central to biology. The
understanding of many complex biological
processes of living organisms would be greatly
advanced by analyzing the content of their con-
stituent single cells. The cell, consisting of an
enclosing membrane, the cytoptasm, and vari-
ous organelles {and a nucleus in the case of
eukaryotes), has been acknowledged as one
of the fundamental building blocks of life.
Furthermore, individual cells also have discrete
molecular, metabolic, and proteomic identities.
Microbial cells such as bacteria, fungal spores,
and yeasts, as well as single-cell eukaryotes like
protists, have rigid cell walls that play a vital role
in protecting the cytoplasm fiom the outer
environiment, providing the cell with a robust
structure, determining its shape, and controlling
its adhesion phenomena. Microbial adhesion
processes have major consequences in natural
environments {symbiotic interactions, hiofoul-
ing), medicine (infections), and biotechnology
(bioremediation, immobilized cells in bioreac—
tors). Understanding the structure, properties,
and functions of cell surfaces is, therefore, of
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great significance for both fundamental and
applied research. Investigating the functions
and properties of a single cell requires develop-
ing novel techniques with higher resolution
and sensitivity. Efforts to understand the role of
a given cell in an organism often entails defin-
ing the boundaries of the cell in order to inves-
tigate its properties within those boundaries, or
isolating a cell from its environment in prepara-
tion for further study.

Since the characteristic size of a single cell
is typically in the micrometer range, optical
imaging is routinely used for low-resohution
studies. Optical microscopy has long been used
for visualizing microbial cells in their native
state. Light microscopy is useful for counting
the cells, identifying them, and describing
their general morphological details. Cells can
be distinguished from each other if the cells
display unique physical characteristics. Optical
techniques also allow identification and local-
ization of specific cellular components using
fluorescent tags where the sample is iltuminated
with UV light (Rizzuto et al., 1995),

Isolation of single cells from the tissues of an
organism and their microscopic analysis using
molecular probes such as antibodies can pro-
vide details about the structure as well as
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topographical details of the surface (Fig, 1).
Unlike the STM, the ABM can be used for
imaging both conductors and insulators since
the AFM operating principle is based on the
interaction forces between an object and the
AFM probing tip. The probing tip, which is
located at the free end of a soft cantilever, is
brought in close proximity to the surface by
piezoelectric means. The cantilevers with a
probe tip are microfabricated fiom silicon
through photolithographic techniques. The
force constant of a cantilever used in an ARM
is very small, usually around 0.1 N/m, which
is 2 orders of magnitude smaller than the
force constants between atoms in a solid. These
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FIGURE 1 Schematic afan atomic force microscope.

cantilevers have typical dimensions of 100 to
400 pm length, 20 to 40 jum width, and 1 to 2
jum thickness. The deflection of the cantilever is
monitored by focusing the beam ofa laser diode
onto the free end of the cantilever, while moni-
toring the reflected beam with a position sensi-
tive detector (PSD).A change in the PSD signal
denotes bending of the cantilever. Here, it is
assumed that the cantilever deflection is pro-
portional to the normal force acting between
the tip and the sample. In fact, the signal fiom
PSDD really measures the curvature of the can-
tilever, which is assumed to be proportional
to the cantilever deflection. As the cantilever is
brought close to the sample, usually by using 2

laser
microcantilever
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ing topography. The phase variation contains
information on the viscoelastic properties of
the sample and is commonly used for obtaining
high contrast when imaging soft materials.
The ability of AFM to produce images under
ambient conditions or in solution makes it an
ideal tool for physical studies of biological
specimens under physiological conditions, In
contact-mode, constant-force AFM imaging,
one could show processes induced by viral
infection on live cells and cellulose microfibrils
that could be imaged with atomic-scale resolu-
tion. In recent years, high-resolution AEM
images of bacterial membrane proteins have
also been published (Scheuring et al., 2002;
Horber et al., 2003). AFM imaging of cells by
using contact mode of operation often results in
rupturing the cell membrane. Tapping mode
or intermittent-contact mode is therefore
usually preferred in studies involving high-
resolution imaging of subcellular structures.
The main complication that arises in the
tapping mode of operation is the damping
caused by the surrounding liquid environment,
making it essential to develop an appropriate
method to enhance contrast and improve the
quality of images.

Another major application of the AFM is
cell studies involving real-time monitoring of
live cells” dynamics such as exocytosis of viral
particles from an infected cell in real-time,
intercellular interactions and finctions, and the
cellular response to internal and external per-
turbations (Butt et al., 1990; Hiberle et al.,
1991; Kasas et al., 1995; Dufréne et al., 1999,
2001;Van der Aa et al., 2001). The main issue in
monitoring the dynamic behavior of the cell is
to reduce the cantilever perturbation while
scanning and maintaining optimal environ-
mental conditions in terms of temperature and
pH changes. Another technical difficulty that
needs to be overcome relates to the require-
ment to achieve a higher temporal resolution;
the acquisition time for a full scan of 2 living cell
often exceeds the timescale of the dynamic
processes being investigated. It is possible to
reduce undesirable cellular stimulation by
slightly modifying the tapping mode of opera-

tion in liquid. This could also be achieved by
developing a new technique in which much
lower cantilever-loading forces are needed or
by designing novel cantilever probes that are
biochemically and mechanically compatible
with biological samples. One possible solution
is to make the temporal resolution higher to
speed up the scan rate, though often at the
expense of spatial resolution, The current AFM
apparatus and techniques not only allow us to
monitor certain dynamic cellular processes,
such as cell growth, exocytotic and endocytotic
events that are fairly slow and do not require
high spatial resolution, but also provide the abil-
ity to study the cell morphology in real time in
the presence of growth factors, hormones, and
other biological reagents. With the develop-
ment of higher-scan-rate AFMs, it could be
possible to monitor the processes that occur at
the cell membrane during receptor-ligand
binding, vesicle transfer, channel blocking or
gating, etc., and to obtain information on the
delivery of a specific drug with molecular reso-
lution. Information about micromechanical
propetties is important for cellular systems as it
helps to understand the cell architecture and its
functions, Local elastic properties of a cell can
be quantitatively derived from the force versus
distance (F-S) curves obtained at fixed surface
points by using AFM.

Figure 2 shows atomic-scale images of a
freshly cleaved mica surface acquired with an
AFM. The image consists of 512 lines, and each
line has 512 pixels. The image shows raw data
without any signal processing or pixel averag-
ing. The white areas show a higher force
between the atoms at the end of the cantilever
tip and the molecular groups on the surface of
mica. Hexagonal close packing of molecular
arrangements of the mica surface is clearly visi-
ble in the image. The image is collected using a
tip-surface interaction force of 1 nN.

In addition to atomic and molecular
arrangements, nanometer-size objects can be
easily visualized with an AFM. Figure 3 shows
an image of double-stranded plasmid DINA
adsorbed on a mica surface acquired in air
{Thundat et al., 1993). Imaging of nanometer-
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FIGURE 3 Image of double-stranded DINA adsorbed on a mica surface {Thundat et al., 1993).

Imaging surfaces under dry nitrogen or hydro-
gen improves the image quality due to much
reduced capillary forces,

The introduction of the intermittent-
contact mode or the tapping mode was an
important development because it greatly
reduced the shear forces on the specimen and,
as a dynamic technique, also offered the possi-
bility of phase imaging. At each point in an
image, the interaction between the tip of the
probe and the specimen is related to the phase
difference between the driving force supplied
to the cantilever and the response of the can-
tilever. The relationship between the nature of

the tip-specimen interaction and phase shift is
fairly complicated; however, images con-
structed from the phase information are not
useful in identifying regions of a similar chemi-
cal nature. The tapping mode was initially
developed for operation in air, and its eventual
application in liquid brought the technique in
the realm of biological environments. How-
ever, oscillation of the cantilever in liquid envi-
ronments results in damping of the cantilever
motion by the liquid. Higher forces are needed
to drive the cantilever in liquid, and the damp-
ing of the motion results in decreasing the qual-
ity factor (QQ). To overcome this, the resonant
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Photonic Force Microscopy

AFM and related techniques are based on
sensing normal forces by using a cantilever
beam that is not capable of obtaining informa-
tion from sidewalls. Since living cells exist
in three dimensions, cantilever-based AFM
cannot be used as a tool for obtaining three-
dimensional images. The AFM is a surface
tool with performance that is directly coupled
to the flatness of the underlying surface exam-
ined. Imaging sidewalls or inside cells is impos-
sible because of the instrument’s mechanical
connection to the imaging tip. Hence, a scan-
ning probe microscope without a mechanical
connection to the tip, working with extremely
minute loading forces, would be an ideal
complementary technique for the study of
live cells with the AFM. Photonic force
microscope (PEM) is such an imaging tool
recently developed at the European Molecular
Biology Laboratory in Heidelberg that can
be used for three-dimensional imaging (Pralle
et al., 20003,

The PEM utilizes a micron- or submicron-
sized bead in an optical trap as the imaging
probe. Unlike in the AFM, where the tip is
attached to a cantilever anchored on a rigid
mass, the bead is essentially free floating and can
probe sidewalls. The bead is trapped in the
three-dimensional trapping potential of a
focused laser beam, Trapping and manipulating
micrometer-sized beads with a laser beam
focused in a fluid were originally described by
Ashkin etal. (1986).The depth and shape of the
trapping potential can be determined from the
difference in the refractive index between the
bead and the fluid medium, the bead diameter,
and the laser intensity and the beam profile.
The trapped bead executes Brownian motion
inside the trap as if the bead is attached to
an invisible spring with a spring constant
3to 4 orders of magnitude smaller than the
cantilever used in an ABM.The effective spring
constant of the trapped bead can be tuned by
varying the intensity of the laser beam. The
beads commonly used have a radius of 50 nm.
However, it is also possible to use even smaller
beads (~10 nmy) provided the refractive index

of the bead material is sufficiently high, for
example, metals.

PPM uses a three-dimensional detection
system for determining bead position with
respect to trapping potential. This allows meas-
urement of the force (magnitude and direction)
acting on the bead with subpiconewton preci-
sion on a timescale of microseconds. The
Brownian envelope of the bead motion, which
is much larger than the bead diameter, is used
for probing the three-dimensional shape of the
object. Beads used as scanning probe tips can be
moved along a surface to make interaction
force measurements between the tip and the
surface in the pico- and subpiconewton force
range. If latex or glass beads are used as tips,
many standard chemical surface modifications
are commercially available with 2 bead size of
200 to 400 nm, for which the objective used to
focus the laser provides a good optical control
for the readings. -

The image resolution obtained with these
beads by scanning them across a surface while
measuring the interaction forces is limited by -
the interaction region between bead and sam-
ple and is also limited by thermal fluctuations,
which can be up to 100 nm, depending on the
trapping potential. With a detection system giv-
ing a spatial resolution of better than 1 nm and
a time resolution of 1 s, this limitation can be
easily overcome by using the thermal fluctua-
tions as a random scan generator for the explo-
ration (within milliseconds) of a small
three-dimensional volume of several tenths of
nanometers. Such a method opens up many
new applications because the position probabil-
ity measured for a certain volume reflects the
presence of other objects in this volume, the
interaction potential with these objects, and the
interaction with the surrounding medium. By
applying such a technique, three-dimensional
polymer networks can be imaged, the mechan-
ical properties of single molecules binding the
bead to a surface can be measured, and the vis-
cosity of the membrane of living cells in areas
smaller than 100 nm in diameter can be deter-
mined if beads are linked to single-membrane -
compottents.
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T2 um

FIGURE 4 APM {contact-mode) images of erythrocytes from mice, Blood samples were
diluted in phosphate-buffered saline, centrifuged onto freshly cleaved mica by using a cytospin,

and fixed with methanol,

CANTILEVER-BASED
SPECTROSCOPY

Force Spectroscopy

Mechanical forces and molecular conforma-
tions play vital roles in the function of biologi-
cal organisms. Force spectroscopy is a powerfil
dynamic analytical technique that allows the
study of the mechanical properties of large
molecules and the properties of chemical
bonds. In general, AFMs are used for imaging at
the nanoscale, but they also have found poten-
tial applications in nanomanipulation and as
force sensors for detecting forces between
DNA strands and interacting forces between
antibodies and antigens; other examples are
cited in the literatare (Lee et al., 1994; Clausen-
Schaumann et al., 2000). This single-molecule

analytic technique allows much finer control of
the molecule under study. Single molecular
force spectroscopy offers a new way to measure
directly the strength of single covalent bonds.
Force-distance curves (Fig. 6) provide comple-
mentary information on surface forces, inter-
atomic forces, adhesion, and nanomechanics,
yielding new insight into the mechanisms of
biological events such as cell adhesion and
aggregation,

There are several ways to manipulate single
molecules accurately. The two most common
methods are the optical or magnetic tweezers
and the AFM cantilevers. The force sensor is
usually a micrometer-sized bead or a cantilever
with displacements that can be measured to
determine the force. In all of these technigues, a
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FIGURE 6 Cantilever deflection
in an AFM due to contact with a
surface. (i} The system is in equilib-
riumy; (i) the tip s in contact with
the sample and the cantilever is
compressed; and (i) the force due
to the extended cantilever equals
the adhesive force, and it snaps back

Vertical displacement of the sample

example, by using lock-in detection. Under-
standing the involved mechanisms for the
observed response is ongoing research and is
well beyond the scope of this chapter. Bypassing
the fundamental physics associated with the
scattering of photons in sensing applications,
one may coat a cantilever with a solution that
contains an analyte of interest whereby a spec-
trum may be acquired by illuminating the
coated cantilever with a broadband light source
that can be scanned with a monochromator.
The analyte may also be adsorbed on the can-
tilever without a need for coating. Through
such explicit sensing methodology to imple-
ment photothermal spectroscopy, first infrared
spectra of nanogram quantities of Bacillus
anthracis and Bacillus cerens were reported in
2006 (Wig et al.). In comparing the B, anthracis
results with those of B. cerents by monitoring the
relative differences observed in the photother-
mal deflections spectra (Fig. 7), it was con-
cluded that the system could be used for
chemical identification. Purthermore, when
the data obtained with the cantilever-based
sensor were compared with traditional spectro-
scopic techniques, similar results were obtained,
suggesting possible uses of the microcantilevers
as sensitive detectors of minute guantities of
bioagents. Clear benefits of a faster, simpler

into the equilibrivm position. AZu
is the vertical displacement,

sample preparation that requires a much lower
concentration of spores and the low-cost plat-
form highlight the advantage of nanomechani-
cal sensing, where molecules undergoing
transitions modify the dynamic or static state of
the cantilever (Wig et al., 2006). We note that a
spectrum from the mechanical response of the
cantilever is also observed in the absence of any
molecules, and thus any analyte-based spectral
data acquired by such a sensing platform have to
account for the “natural” spectrum of the can-
tilever (Wig et al., 2004).

CANTILEVER-~BASED SENSING

Adsorption-Induced Response

The AFM microcantilever can be used as a
physical, chemical, or biological sensor. The
cantilevers are extremely sensitive force sensors.
They are usually microfabricated fiom silicon
by using conventional photolithographic mask--
ing and etching techniques. Typical dimensions
of a cantilever are 100 pum in length, 40 pm in
width,and 1um in thickness. Silicon and silicon
nitride cantilevers and cantilever arrays that uti-
lize optical bearn deflection for signal transduc-
tion are commercially available. Piezoresistive
cantilever arrays are also commercially avail-
able. The deflection of a piezoresistive can-
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are ultimately driven by free energy.reduction
of the surface, the free energy reduction leads to
a change in surface stress. Although they would
produce no observable macroscopic change on
the surface of a bulk solid, the adsorption-
induced surface stresses are sufficient to bend a
cantilever if the adsorption is confined to one
surface. Adsorption-induced forces, however,
should not be confused with bending due to
dimensional changes such as swelling of thicker
polymer films on cantilevers. The sensitivity of
adsorption-induced stress sensors can be orders
of magnitude higher than those of frequency-
variation mass sensors {for resonance frequen-
cies in the range of tenths of kilohertz).

Microcantilever deflection changes as a
function of adsorbate coverage when adsorp-
tion is confined to a single side of a cantilever
{or when there is differential adsorption on
opposite sides of the cantilever). Since we do
not know the absolute value of the initial sur—
face stress, we can only measure its variation. A
relation can be derived between cantilever
bending and changes in surface stress from
Stoney’s formula and equations that describe
cantilever bending (Stoney, 1909). Specifically,a
relation can be derived between the radius of
curvature of the cantilever beam and the differ-
ential surface stress:

1 B o(1-1)

R E2
where R is the cantilevers radius of curvature, vV
and E are Poisson’s ratio and E is Young’s modu--
lus for the substrate, respectively, s the thickness
of the cantilever, and 8 = Ag, —Ag, is the dif-
ferential surface stress. Surface stress, 0, and sur—
face fiee energy, v, can be related using the
Shuttleworth equation (Shuttleworth, 1950):

r=y+(3)

where o is the surface stress. The surface strain,
0%, is defined as the ratio of change in sur-

dA
face area, ge = . Since the bending of the

Bs

cantilever is very small compared to the length
of the cantilever, the strain contribution is only

in the part-per-million (1079 range. Therefore,
ane can possibly neglect the contribution from
surface strain effects and equate the free energy
change to surface stress variation (Butt, 1996).
By using equation (2}, a relationship between
the cantilever deflection, h, and the differential
surface stress, 8s, is obtained as:

3L2(1-1)
B

where L is the cantilever length, Therefore, the
deflection of the cantilever (Fig, 8) is directly
proportional to the adsorption-induced differ-
ential surface stress. Surface stress has units of
N/m or J/m? Equation (3) shows a linear rela-
tion between cantilever bending and differential
sutface stress. Adsorption-induced forces are
applicable only for monolayer films and, as
mentioned above, should not be confused with
bending due to dimensional changes such as
swelling of thicker polymer filmsslt should also
not be confused with deflection due to weight
of the adsorbed molecules. The deflection due
to weight is extremely small, for example, for a
cantilever with a spring constant of 0.1 N/m;
the bending due to weight of 1 ng of adsorbed
material will be 0.1 nm.

The minimum detectable signal for can-
tilever bending depends on the geometry and
the material properties of the cantilever. For a
silicon nitride cantilever that is 200 microns
long and 0.5 micron thick, with the Young’
modulus E = 8.5 X 10'° N/m? and the Pois--
son’s ratio, v = 0.27, a surface stress of 0.2
mJ/m? will result in a deflection of 1 nm at the
end. Because a cantilever’s deflection strongly
depends on geometry, the surface stress change,
which is directly refated to molecular adsorp-
tion on the cantilever surface, is a more conven-
ient quantity of the reactions for comparison of
variots measurements. Changes in free energy
density in biomolecular reactions are usually in
the range of 1 to 50 m]/m? but can be as high as
800 mJ/m?,

7 Os

Microcantilever-Based Physical Sensors
Microcantilever can be used as a physical sensor
for measuring changes in temperature, flow
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cantilever sensor originates from the specificity
of probe-target interactions. Nonspecific
adsorption of target molecules does not cause
the cantilever to bend. Figure 9 shows bending
of a cantilever with immobilized antibodies
when exposed to a solution of Francisell tularen-
sis (1 X 10° cells/ml in 0.1M phosphate-
buffered saline solution) (Ji et al., 2004}, The
cantilever without any immobilized antibodies
does not show any appreciable bending from
injection of sample solution. The relatively small
bending observed with the reference cantilever
is most probably due to change in ionic concen-
tration of the solution. This result was observed

with a sctup where cantilever bending was
monitored with an optical beam. The optical
beam deflection technique is influenced by
concentration of ionic species in the solution.
The adsorption of organisms on the antibody-
covered cantilevers causes a large deflection
compared to that of a bare cantilever. The con-
tinted bending of the cantilever observed in
Fig. 9 is probably due to movement of the
organisms on the cantilever surface.

Figure 10 shows cantilever bending due to
adsorption of thiolated single-stranded DINA
(ssDNA) on a cantilever with a thin layer of
gold coating on one side. In the case of sDNA
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FIGURE 9 Cantilever deflection as a function of exposure to tularemia in selution. Cantilever with immobilized
antibodies shows bending due to antibody-antigen interaction. The small deflection observed with uncoated can-
titever is due to changes in ionic concentration of the solution.
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of biological samples.
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